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SUMMARY

Flightexperimentswitha freelyfailingmcdelhavebeenconducted
to observetheeffectsofsteadyrolling~ thepitchingandyawing
motionsofa bciiy-tailcombination.Timehistoriesofthepitchingand
yawingmotionsshowthatsteadyrollingintroducesintothepitchoscil-
lationstheyawingmotions,andintotheyawoscillations,thepitching
motions.Theobservedeffectsofsteadyrollingonthevaluesoffre–
quenciesarecomparedwiththosepredictedby theoryfordampingand
forno damping.Whendampingisincluded,thecalculatedfrequencies
arein goal.agreementwiththeobservedfrequencies,althougha good
first-omierapproximationofthefrequenciesmaybe obtainedby neglect-
ingdamping.

Staticstabilityderivativesareassumedfora missile,anditis
foundthatatlowspeedsandhighaltitudes,therollingfrequency
tendstoapproachthelowerofthebodynaturalfrequencies,thereby
reducingeffectivestaticstability.In addition,@?aphicalrelations
arepresentedwhichpermitrapidestimationofcbzmgesin theeffective
staticstabilityderivativesdueto steadyrolling.

INTRODUCTION

Rollingofanairplaneormissileintrciiucesan iner$ialcoupling
betweenthepitchingand.yawingmotionsand.tendstodestabilizethe
body. Thisdestabilizingeffectofrollingbecomesmorepronouncedfor
aircrafthavingmostoftheweightconcentratedinthefuselage.Thus,
thetrendtowarduseoflow-aspecfiratiowingscausestheinfluenceof
roll.onthestabilityofairplanesandmissilesto assumeImportance.

An analysisoftheeffeetofrollingonstabilityhas-beenmadeby
Phillips(ref.1). Theprincipalresultsarethat:(a)Fora nonrolling
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body,therewiUlbe onlyonefrequencyofoscillationinthepitching
motionandonlyonefrequencyintheyawingmotion,andthefrequencies
inpitchorinyawmaybe thesameordifferent,dependingontheaero-
dynamicpropertiesofthebmly;and(b)fora roUingbaiy,therewill
be twodistinctfrequenciesofoscillationintbepitchingmotion,and
thesesametwofrequencieswillappearintheyawingmotion;inaddition,
thefasterofthetwofrequencieswillbe greater(andtheslowerofthe
twowillbeless)thaneitherthenonrollpitchoryawfrequency.As
therollrateapproacheszero,thefastfrequencyapproachesthefaster
ofthencmrollpitchoryawfrequencies,andtheslowfrequency
approachestheslower.

Theanalysisofreference1 providesequationsforpredictingthe
effectofsteadyrollontheno-rollnaturalfrequenciesinpitchand
inyaw. Whendampingis considered,theequationforthefrequencies
of oscillationisintheformofa fourth+rderpolynomialwhic@ofii-
nariIy,issolvedby trialanderror.Whendampingisneglected,the
fourth-orderpolynomialderivedforthecaseofdampingsimplifiesto
theformofa quadraticequationwhichcanbe solvedexplicitly.

Thepresentinvestigationwasundertakentoprovidea free-flight
observationoftheinfluenceofsteadyrollingonthefrequenciesin
pitchandyawofa fuselage-tailconibination.Theresultsobtained$
whencomparedwithreference1,wouldestablishthevalidityofthe
analysisforthepredictionoftheeffectsofrollingonbcxiyfrequencies.

Thefuselageselectedforthepresentinvestigationhada fineness .
ratioofi2.4.A roll-stabilizationsystemwasemployedtomaintainthe
rateofrollata selectedvalue.Thefrequencydatawereobtainedby
disturbingthemodelabruptlyinpitchandrecordingtheresultant
oscillations.TheMachnuniberrangeofthetestswas0.9to 1.1.

ThetestswereconductedatEdwardsAirForceBaseby personnel
fromAmesAeronauticalLaboratoryoftheNACA.

SYMBOIS

a,b,c,d,edimensionlesscoefficientsofa polynomialhavingtheform

aD4-bD3-cD2-dD-e inwhich

D isa differentialoperator
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longitudinal,lateral,

meanaer@namicchord

andnormalaccelerations,g’s

ofa referencewing,ft

frequencyinpitchunderconditionsofno roll,cps

frequencyapplicableto a modeof oscillationwhichapproaches
thepitchingoscillationastherateofrollapproaches
zero,cps

frequencyinyawunderconditionsofno roll,cps

frequencyapplicabletoa mcd.eofoscillationwhichapproaches
theyawingoscillationastherateofrollapproacheszero,
Cps

momentsofinertiaaboutthe x,y,andz bmlyaxes,respec-
tively,Slug–fta

Machnumber

rollingvelocity,radians/see

totalpressure,in.Hg

dynamicpressure,~w~, lb/sqft

pitchingvelocity,rad.ians/sec

ordinateoffuselagejin.

yawingvelocity,radians/see

e~osedareaofa referencewing,sq ft

time,sec

free-stresmvelocity,ft/sec

angleofattack,deg

angleofsideslip,deg

horizontal-taildeflection,deg

vertical-taildeflection,deg

atmosphericdensity,slugs/cuft

. — —..— — —.— -.
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%

C%*

c+
Cn

cnr

fractionof
%.—

~PIy’

fractionof
Nr

2m@z ‘

criticaldamping
dimensi0nlm3

criticaldamping

dimensionless
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inpitchofnonrolllngbcdy,

inyawofnonrollhgbody,

ratioofno-rollnaturalfrequenty
fo

frquency,—, dimensionless
p/2fl

ratioofno-rollnaturalfrequenty
f

frequency,
7-

, dimensionless
p%
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in

in

pitchto steadyrolling

yawto steadyrolling

pitching+nomentcoefficientofcompletemodelaboutcenterof

=a~w>moment—, dimensionlessq$~

longitudinalstabilityderivativeforno roll,- s,
qpperradiem

effectivelongitudinalstabilityderivativeapplicabletoa
maleofoscillationwhichapproachesthepithingoscilla-

12.f,~)2%
tionastherateofrollapproacheszero,-
perradian qo% ‘

a%
,perradian

a(qz/2v)

yawing+nmentcoefficientofcompletemcxielaboutcenterof
gravity,moment_ , dimensionless

qosc
(2fif@2Iz

lateralstabilityderivativefornoroll, qo~ ,perradian

effectivelateralstabilityderivativea~li.cableto a maleof
oscillationwhichapproachesthelateraloscillationasthe

rateof

as

a(rE/2V)’

(2fif~‘)212
rollapproacheszero, ,perradian

qosz

perradian
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%

Nr

()c%~ q~,lb-ft-sec/rtiian

()c~r = q#~, lb-ft-sec/radian
2V

DESCRIPTIONOFEQUIPMENT

TestBody

Thetestbmlywasa winglessconfigurationhavinga Welage of
finenessratioX2.4. Figures1 and2 show,respectively,a drawing
anda photographofthisconfiguration.Specificationofotherphysical
propertiesisgivenintable1.

Boththehorizontal-andvertical-tailsurfaceswereall-movable,
pivotingonaes perpendiculartothefuselageaxis.Forhorizontal–
tailmovement,a schedulecouldbe presetsothatthetail–finswuuld
deflectand.returnto trimpositioninrapidpulse-typemovementsat
designatedtimeintervalsduringthetestphaseofthedrop.The
vertical-tailsurfaceswereactuateddifferentiallytoprovideroll
control.W t~l surfaceswereconstructedofsolidaluminumalloy.

RollStabilization

Forthetestsofthisinvestigation,twodifferentmethdswere
usedto obtainthedesiredrollstahilization. Onemethcdconsistedof
roll-attitud6controlofthebcdyforthe.testsinwhichtherollrate
wasintendedtobencminallyzero.Theothermethcdconsistedofr&l–
ratecontrolandwasuseclforthosetestsinwhichrollratewastobe
differentfromzero.Becauseofmechanicaldifficulties,thislatter
systemunavoidablypermitteda slightincreaseinro: ratewithincreased
speed.Inaddition,thesy&tempermittedsmallvariationsaroundthe
nominalvaluedesired.At most,themagnitudeofthesevariationswas
aboutK).2raildanpersecond.

Instrumentation

NACAcontinuouslyrecordingflightinstrumentswereusedtorecord
the various:, instruments

quantitiesmeasured.A listingofthequantitiesandofthe
wed tomeasurethemispresentedin tableII.

—-— -.. —z — _. ——— —
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TESTPROCEDURE .

Theresultspresentedinthisrepxrtwereobtainedduringa series
offree-falldropsofthetestmodelinwhichthemtielwasallowedto
fallfreelyatapproximately0° angleofattack.Duringthetestpericd
ofthsdrop,~itchdisturbancesofthemdel wereprcducedintermittently
overintervalsoftimeva@ng from3 to 8 seconds.At theconclmionof
thetestperiaiforeachdrop,themodelwasrecoveredby theuseofa
dim brakeandparachute.

Fivedropsofthebxly-tailccmibinationcomprisedthetestprogram.
Threeofthesedropswereconductedat constantrollratesofnominally
2.0,3.5,and4.0radianspersecond.5 othertwoweredropsatnomi-
nallyzero-rollrateandwereconductedto obtainthenaturalfrequencies
ofthetestcmfigurationinpitchandinyaw.

RESUTICSANDDISCUSSION

ExperimentalEffectsofSteady=ollonN-old.
NaturalFrequencies

Reference1 hasindicatedthepossibilityofhavingcoupledmotions
dueto steadyrolling.Oneresultoftheinvestigationreportedherein
hasbeenanexperimentalverificationoftheexistenceofthesecoupled
motions,as shownby theexampletimehistoriesofangleofattackand
angleofsides~pinfigure3. Theangle+f-attackandsidesliyrecords
presentedinthisfigurearerepresentativeofthetypeofcurveresult-
ingwhena short-periodoscillationanda long~ericdoscillationare
superimposed.Thelong~ericdoscillationhasbeenrepresentedby a
dashedMne in figure3 tomakeitmorereadilydiscernible.Theappear-
anceofbothoscillationsin eachangl~f~ttackandsidesliprecordis
a resultofcouplingduetorolling.Thelong-periodoscillationshould
notbe confusedwiththephugoidoscillationwhich,forthetestmcilel,
mull havea periodmch largerthanthoseoffigure3 (oftheorderof
25see).

As predictedby theanalysisofreference1 andas shownby”the
timehistoriesinfigure3,thepresenceofsteadyrollingcausestwo
frequenciesinsteadofonetoappearinthepitchingmotion,andthe
sametwofrequenciesalsoappearintheyawingmotion.In thenon-
rollingcase,thepitchandyawfrequenciesareknownasthe“bcdynat-
uralfrequencies”smd,in ordertomakethefollowingdiscussionsuccinct,
thefastfrequencywillbe desi~ted arbitrarilythe“pitch”frequency,
andtheslowfrequency,the“yaw”frequency.Similarly,inthesubse-
quentanalysisoftherollingcase,thefastcomponOntofthepitching
andyawingfrequencieswillbe referredtoarbitrarilyasthe“pitch”

---
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frequencyandtheslowcomponentas the“yaw”frequency.Inthissense,
thepresenceofsteadyrollingcanbe saidtohaveaneffectuponthe
bcdynaturalfrequencies.Thiseffectisconfirmedby experimentaldata
presentedinfigure4. Figure4(a)indicatesthatasrollrateincreased,
thefrequencyinpitchalsoincreased,andfigurek(b)indicatesthatthe
frequencyinWW decreasedwhenrollratewasincreased.In fact,in one
instance,theyawfrequencydecreasedto zeroat somerollrateranging
fromabout3.0to4.0radianspersecondfora conditionoflowllach~
ber (M* 0.86).

Theinstanceofbodyinstabilityindicatedinfigure4(b)is sham
intimehistoryformin figure5. Forthistest,theroll-controlsystem
wasprogramedto stabilizethemciielat zerorollratefor24 seconds,
andthsnto increasetherollratetoa constantvalueof4.0radians
persecond.At t = 20.6seconds,thebalywaspulsedinpitch,and,
whilethebalywasstilloscillatingbecauseofthepulse,a changeto
the4.0radianpersecondrollratewasinitiated.At a rollratein
theneigliborhoodof3.5radianspersecond,anapparentdivergencebegan
inthelong-pericdcomponentofpitchandyawoscillations.Sinceroll
ratewastlmonlyfactorsensiblychangedattheapproximatetimeof
divergence,theresultinginstabilityis attributedtotheequalityof
therollfrequencywiththelowerofthetwobodynaturalfrequencies.
Forexample,figure5 indicatesthatthecyclicrollfrequencyisapprox-

. imately0.56cyclepersecond(3.5/21f)fortheMachntier atwhich
divergenceoccurred.In comparison,thelowerofthetwonaturalfre–
quenciesatthesameMachnu@er isestimatedtobe about0.5cycleper

. second(fig.4(b)).

ComparisonofMeasuredandExperimentalEffectsofSteady
RollingontheN-oil NaturalFrequencies

Themethcxldevelopedinreference1 forcomputingoscillationfre-
quencies,neglectingdamping,wasemployedtocqte t~ frequencies
forthetestmodelforthetworatesofroll,2.0and3.5radiansper
second.Theparticularequationdevelopedinreference1 forthscalcu-
lationoffrequenciesforno damping(L6= ~~=o) is

aD4-cD2-e=0 (1)

wheretherootsoftheequation,afterevaluationofthecoefficients
providetheresultssought.Figure6 comparesthecalculatedvalueswith
theexperimentalvaluespreciouslypresentedinfigure4. As isapparent
fromthecomparisoninfigure6, somedifferenceexistsbetweencalculated
andexperimentalresults,thesedifferencesbeinggreatestforthelong—
perid oscillations.Becauseoftheseapparentdifferences,thequestion
israisedastowhetherthedifferencesareduetotheomissionofdamping.

— .— .—— —.
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!l?hemethodofreference1 canbe usedalsotocalculatethefre-
quenciesofoscillationforthepresenceofdamping.Theparticular
equationdevelopedinreference1 tocalculateoscillationfrequencies
forpresence

Rootsofthe

ofdampingisa quartic

aD4-bD3–cti-

quartic,afterevaluatim
valuesofthefrequenciessought.W
equation(2)arepresentedin figure7

aD—e= o (2)

ofthecoefficients,provide
resultsofcalculationsusing
wherea comparisonismadewith

tlieexperitintaldataforrollratesof2.0and3.5radianspersecond.
By comparisonoffigume7withfigure6,theeffect ofincludingd-
inginthecalculationsisseentohaveimproved,in general,thea~ee-
mentbetweencalculatedandexperimentalfrequencies.Tbisimprovement
appearsparticularlypronouncedinthelong~ericdoscillationfora
rollrateof3.5radiansyersecond.Valuesofdampingusedinthe
computationsweresmall,beingintheorderof ~e=Oo06W Ly=O.04
fora rollrateof2.0radianspersecond,and [Q=o.og ana !V=0.06
fora rollrateof3.5radianspersecond.

The
craftin
anac %

and

Effects

designerusually
pitchandyawin
where

ofRollasAppliedtothe
DesignofMissiles

thinksofthenaturalfrequenciesofanair–
termsofthestaticstabilityparametersC&

(3)

(4)

Theeffectofsteadyrollingontheseparametersmaybe consideredto
mcdifythenonrolMigfrequencies(feandfV)tonewfrequencies
(fe‘andf$’)havingvaluesdependentupontherateofroll. Thestabil-
ityparameterswhichareconsideredasbeingeffectivefortherolling
case,therefore,are ~’ and

~’”md f ,newatim ~31ad ~41
Theseeffectivestabilityparam-

etersareobtainedby replacing
with fetandf~~. tA factorofinteresto thedesiqeristheratios
%1/~ ~ %$ /~, w~ch rePresenttheratioOft~ stabilitiesd~-
ingsteadyrollingtothoseprevailingatnoroll.

-r
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In ordertoprovidea rapidmethcdforthedeterminationofthe
ratios%J/%#@%#np forawide r~geof Pitc~ng,Pwing,
androllingfrequencies,twochartsbasedonequaticm(1)havebeen
prepared,andthesearepresentedinfigure8 for Ix = O andIy = 12.
Equation(1)neglectsdampingbutprovidestlmfirst-ordereffectsof
steadyroll.ontheno-rollfrequenciesasevidencedinthepresenttests.
Useofthechartsoffigure8 requireslnmwledgeonlyoftheparameters
m# and%2 which,fora particularbcdyandrollrate,definea single
pointin&choffigures 8(a)and8(b).In thisregami,thecurvesof
figure8(a)aredrawnforshortiperialoscillations,andthecurvesof
figure8(b)forlong~eriodoscillations;thatis, when f~>f~ (dlort-
periciloscillationinpitch,long-pericdoscillationinyaw),valuesof
~’/~ are@ven by fi~e 8(a)ad valuesof ~’/~ aregiven
by figure8(b).Conversely,when fe< f~ (lcW-Wri.@oscillationin
pitch,shor~riciioscillationinyaw),valuesof ~~ /C& aregiven
by figure8(b)andvaluesof C& ‘/~ aregivenby figure8(a).
Importantregionsofinsta%iHtyPare!abeledinfigure8(’tI).

w chartsoffigure8 havebeenusedto estimatetheeffectsof
rollrateuponthestaticstabilityoftwohypotheticalmissiles,one
symetricinpitchandyaw,theotherasymmetric.Theresultsareshown
in figures9 and10,respectively,as functionsofMachnuniberandalti–
tude.Forthesymmetricalmissile,theassumedstaticstabilityderiv–
ativesforno rollaregivenin figure9(a)asa functionofMachnumber.
Thesevalueswereconvertedto frequencies,and.thentheparameter,%2,
wasformedforrollratesof2.0and4.0radianspersecond.Thispar-
eterwasusedto obtain,fromfigure8,valuesofthefactors

X %!&$&ng.

~’1~
applicabletotheshort-andlong~ricdoscillations

Thefactors‘obtainedareshowninfigures9(b)and
9(c)fortheshort-andlong-periodoscillations,~ and~, respec-
tively,For ~, allvaluesofthefactorsobtainedaregreaterthan
unity;but,ingeneral,thereverseistruefor

%
withvaluesof

thenml.tiplyingfactor~B ~/~ becomingas smallas zero.

A setofcurvessimilarto thoseinfigures9(b) and9(c)are
plottedin figures10(a)and10(b)foran asymmetricmissile.Forthis
missile,valuesof ~ andIy/S~ areassumedtobe thesameas those
presentedinfigure9(a),butthevaluesof % ham beentakenarbi-
trarilyashalfthevaluespresentedinfigure9(a).Thefactors
obtainedfortheunsymmetricalmissile,in general,folhw thesame
trendsasthefactorsobtainedforthesymmetricaltissile.However,
fortheunsymmetricaltissile,valuesofthefactor~t/~ can

“

becomenegatim. 5s conditionariseswhenthesoluti”ato”equation(1)
containsa pairofrealroots,andthemotionwilldiverge.Thus, for
bothsymmetricandunsymmetricmissiles,steadyrollingcanbe an impor-.
tantfactorinreducingstaticstability.Solutionstoequation(1)

—— . .. ———. — — -— —— .—.. ——.———
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indicatethatthe~atest reductioninstaticstabilityis e~rienced .
whentherollfrequencyapproachesequalitywiththelowerofthetwo
bodynaturalfrequencies.Instancesofthesereductionsin stability
areapparentin figures9(c)and10(b)(~~/~BS 0). Ihmthese fig-
uresitappemsthatfora givenrollrate”,the”lfachmmiberatwhich
themostrOaucti~insta%ilityoccursincreaseswithincreased~altitude.

COI?CIXJSIONS

Theresultsofa seriesoffree-fall-droptestsofa bcxly-tail
combinationunderconditionsofsystematicallyvariedratesofroll
indicatethefollowingconclusions:

1. Thstestsreportedhereinhaveverifiedexperimentallythat
steadyrollingprcducescouplingofthepitchingandyawingmotions.
In addition,thefrequenciesofthesemotionsdifferfromthebcdynat-
uralfrequencies.

2. Forbcdy-tailconibinationshatinga steadyrollrateandbcdy
naturalfrequenciesofapproximatelythesameorderofmagnitudeas
thosemeasuredinthetestsofthisreport,thecalculationtechnique
ofNAC!ATN 1627forno dampingmaybe appliedto estimatethefirst- .
ordereffectsofsteadyrollingonbodynaturalfrequencies.Fora more
exactappraisalofthiseffect,theequationsofNAcATN 1627which
includedampingshouldle employed.

3. In accordwiththeory,a rollfrequencywhichapproachesthe
lowerofthetwohd.ynaturalfrequenciescancauseanunsymmetrical
body-tailconibinationtobecomestaticallyunstable.

AmesAeronautic&lLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,May27,1953

REIERENCE

1. Phillips,W. H.: EffectofSteadyRo12ingonLongitudinaland
DirectionalStability.NACATN 1627,lg48.
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TABLEI.-PIIYSIC!ALPROPERTIESOFTHETESTMODEL

,

Body

Grossweight,l%....... . . . . . . . . . . . . . . . .1365
Iyand Iz,slug-fta. . . . . . . . . . . . . . . . . . . . . 8M
Ix,slug-ft2..’...... . . . . . . . . . . . . . . . ..5
Centerofgravity. . . . . . . . . . . . . . . . .. Station85.6

HorizontalTail

Area(pleaformprojettedtobodycenterEne),sqft . . . . 6.0
Aspectratio(basedonplanformprojectedtobaiycenter
J-ine)jdbnsionless..... . . . . . . . . . . . . . . . 4.4

Taperratio,dimensionless.. . . . . . . . . . . . . . . .. 0.2
Sweepback,quarter-chordline,deg. . . . . . . . . . . . . . 45
Span,feet. . . . . .. o.. . . . . . . . . . . . . . . . .5.12
Airfoilsection,parallelto stream. . . . . . . . . .NACA65006

VerticalTail

Area(planformprojectedtobmlycenterline),sqft . . . . 3.3
Aspectratio(basedonplanformprojectedtobodycenter
line. . . ... . . . . . . . . . . . . . . . . . . . . . . 5.0

Taperratio . . . . . . . . . . . . . . . . . . . . . . . . .0.22
Sweepback,quarter<hordLine,deg. . . . . . . . . . ... . . 45
Span,ft . . . . . . . . . . . . . . . . . . 0.......0 4.05
Airfoilsection,perpeticularto quarter<hordUne . .NACA65009

—. .— — —
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TABIEII.–MODELINSTRUMENTATION

ClassificationQuantity Instrument
ofmeasurementmeasured wed

Slaveselsynsrecord-
ingmovementsofvane

; mountedcmhornahead
Angles Ofbody

p NACA2-camponentc-
V trolpositionrecorde:

P
-= ~ NACAsingle-c~onent
velocities r turnmeters

%
Accelerations 9

NACA3-component
accelerometer

az

Po
Pressures Pt NACA=ell manometer

.

.

.
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Figure1.–Gewletryanddimensions of test nnlel.
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(b)Rollrate,
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—

Figure3.– Timehistoriesofangleofattackandsideslipforcomparable
Machnunherrangesshowingexistenceofcoupledfrequenciesdueto
rolling.
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(a)Fitch frequency (sho~ricd. oscillation).

Wigure 4.- Effect of steady rolJ3ng on natural.frequencies of the test II*.
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(b) Yaw frequency (lo~-pericd oscf~ation).

Figure k.- Concluded.
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3“
— Experimenful

——NACA TN 1627

/?0/./rute

2 / 0 J- 3.$ rad[sec
/

/./

f

o“ h

(a)Pitchfrequency(sho~ericxioscillation).

‘.8 .9 - Lo /./ L2 L3

A9achnumber

(h)Yawfrequency(long=pericdoscillation).

Figure6.-Comparisonofexperimentalfrequencieswiththosecalculated
by themethcdofNACATN 1627forsteadyrollingandno damping.
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3’
— Experimental

— —NA CA TN 1627

Rollrate
2 ‘—3.5 rud/sec

– 2.0 fati/sec
— *-=

A

I

o i

(a)Pitchfrequency(shor~riod oscillation).

2

/ Rollrote

:8 .9 LO /./ L2 L3

Much number

(b)Yawfrequency(sho~ericd oscillation).

Figure7.–Cmparistmofexperimentalfrequencieswiththosecalculated
by themethcilofNACATN 1627forsteadyrolling,by useofexperi–
mentalI1.ydeternd.nedvaluesofdamping.
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(b) Effect of steady rolllng on ~ when missile is disturbd in pitch; ~~ = ~+=0.

Mgure 9.- ContcLrLue&
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Figure 10.- Static stability derivatives for a hypothetical uneymnatrical missile as affected
by Mach nuufber,rate of steady rolling, and altitmie; ge = ~y = O.
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Figure 10.– Concluded.
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